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ABSTRACT: Cardanol (3-pentadecenyl-phenol), well-known non-edible natural oil obtained as a by- 
product of the Cashew Industry, represents a valid alternative to petro-based derivatives, thanks to its 
peculiar chemical structure. When selected as raw material in the synthesis of epoxy curing agents or 
polyols and diols for polyurethane applications, cardanol can impart unique benefits, like chemical 
resistance, hydrolytic stability, thermal resistance and balanced mechanical properties. However, 
there are applications and sectors where the use of cardanol is still quite limited or not fully exploited, 
due to lack of suitable building block derivatives. In this Paper, the synthesis of novel cardanol- 
derived di-carboxylic acids by full hydrogenation of cardanol and oxidation of the resulting 3- 
pentadecyl-cyclohexanol into 2-pentadecyl-hexanedioic acid and 3-pentadecyl-hexanedioic acid as a 
mixture of isomers will be presented, along with some preliminary examples on the use of these di- 


acids as polymer building blocks. 
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INTRODUCTION 


Cashew Nut Shell Liquid (CNSL), largely 
available in the entire sub-tropical area (Brazil, 
India, Vietnam, Ivory Coast, etc.), is a non-food 
chain industrial oil found in the honeycomb 
structure of the cashew nutshell (Anacardium 
Occidentale), typically considered a by-product 
of the cashew nut industry. CNSL consists of a 
mixture of different chemical moieties 
(anacardic acid, cardanol, 2-methyl-cardol, 
cardol), all of them characterized by the 
presence of a C15 side chain in the meta-position 
or the aromatic ring. This side chain contains a 
number of unsaturation from 0 to 3, with an 
average number of 2 double bonds. 

The main product isolated by vacuum 
distillation of CNSL under proper conditions is 
cardanol, an USDA certified bio-based (>98% 
bio-content) alkenyl-phenolic product with an 
average number of two unsaturations on the Cis 
side-chain (Figure 1). 

Cardanol represents an interesting and 
versatile monomer, as it contains three different 
functional groups (the aromatic ring, the 
hydroxyl group and the double bonds in the 


alkyl chain), that can be either selectively or 
simultaneously modified according to the 
expected features of final product. 

The peculiar cardanol structure, with an 
aromatic ring that provides excellent rigidity 
and thermal stability and the long chain at the 
meta position imparting outstanding 
hydrophobicity, over the last decades has 


prompted the development of _ several 
derivatives like amines, epoxies, polyols, 
isocyanate blocking agents, amides, 
antioxidants, flavors, foods, lubricants, 


polymers, rubbers [1]. Chemical modifications 
of cardanol are traditionally obtained by 
alkylation, condensation, nitration, 
halogenation, while a number of other chemical 
transformations have all been used with 
different degrees of success for the selective 
functionalization of cardanol and its isolated 
components [2]. 

However, many of the cardanol derivatives 
reported in the literature are based on cardanol 
as mixture of isomers, with subsequent 
potential lack of reproducibility, UV instability, 
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limited average type of functional groups and 
applicability in sectors where color and purity 
are key aspects, like 1K polyurethanes, 
thermoplastics... 

For instance, only few examples of cardanol- 
derived polyamides are reported in the 
literature, mainly based on a high number of 
reaction steps [3] or by no-regio selective 
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maleinization reaction at high temperature 
followed by condensation with amines [4]. 

The same observation can be also extended to 
cardanol-derived di-functional monomers and 
cardanol-based polyester-type derivatives, with 
a very small number of options currently 
available for industrial applications, due to 
limited reproducibility and reaction complexity 
to introduce specific functionalities [5]. 


: IV ISN 
OH ee 


Figure 1: Cardanol structure 


On this basis and considering the increasing 
interest in the chemical industry for bio-based 
raw materials, there is still a need to extend the 
number of available cardanol-derived options, 
providing wider number of solutions ideally 
characterized by unique chemical structures 
and versatile enough to provide different 
mechanical, thermal and cure properties to the 
final formulated systems, allowing their 
potential applicability in both thermoset and 
thermoplastic materials. 


One of the most common chemical treatments 
described in the literature to overcome the 
limitations reported above is the removal of 
double bonds on cardanol Cis side chain by 
hydrogenation, thus converting it to pentadecyl- 
phenol [6]. 

Other examples show the feasibility of 
performing an exhaustive hydrogenation of 
cardanol, occurring at both the Cis side chain 
and the aromatic ring [7], or the possibility to 
convert cardanol isomers into 3-pentadecyl- 
cyclohexanone [8]. 


However, the reaction conditions typically 
applied require the use of a solvents, relatively 
expensive catalysts, and long reaction time and 
suffer of lack of selectivity, recovering mixture 
of products, even when very low amounts of 
starting substrate are used. Similar limitations 
are also observed when using a low purity 
cardanol (characterized by the presence of 
cardol and 2-methylcardol), having quite a dark 
color. 


With these premises and to further extend 
cardanol applicability as a versatile chemical 
building block, this work aims to present novel 
chemical routes to valorize hydrogenated 
cardanol as a suitable substrate for the 
synthesis of fully aliphatic cardanol-derived di- 
functional carboxylic acids, that can be 
successfully incorporated, alone or in 
combination with petro- or other bio-based 
building blocks, in both thermoset and 
thermoplastic polymers. 


2 EXPERIMENTAL 
2.1 Materials 

Cardanol was supplied by  Cardolite 
Corporation under the trade name of NX- 
2026and used without any purification. 

All reagents (Raney®-Nickel catalyst; Celite®; 
nitric acid; copper(II) nitrate; ammonium 


vanadate; xylene; 1,4-butanediol; 
dibutyltin(IV)oxide; standardized potassium 
hydroxide 0.5N methanolic solution; 
standardized potassium hydroxide 0.1N 
isopropanol solution; pyridine; 
tetrahydrofuran; acetic anhydride; methyl-ethyl 
ketone; mono-chlorobenzene; di- 


isobutylamine) have been purchased from 
Sigma-Aldrich and used as received. 

Polymeric diol Rokopol D2002 
(polypropylene glycol MW 2000 Da) was 
supplied by PCC Rokita. STEPAN DPR 5066-67 
(butanediol adipate MW 2000 Da) was supplied 
by STEPAN. PolyBD R-45HTLO (hydroxy 
terminated polybutadiene resin MW 2800 Da) 
was supplied by Cray Valley. CAPA 2085 
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(polycaprolactone diol MW 1660 Da) was 
supplied by Ingevity. Priplast XL101 (di- 
functional, semi-crystalline polyester polyol, 
MW 2000 Da) was kindly supplied by 
Cargill. Aromatic isocyanate Ongronat 3050 
(4,4’-methylene diisocyanate, MDI) was 
supplied by Borsodchem. 


2.2 1H-NMR, 13C-NMR and HPLC data 

NMR spectra have been recorded on a 
VARIAN Inova 500 MHz, using deuterated 
chloroform as solvent (with tetramethyl silane 
as Stabilizer). 
High Performance Liquid Chromatography 
(HPLC) results have been collected on a 
HITACHI Chromaster 5160 dual piston pump, 
equipped with a HITACHI Chromaster 5410 UV 
detector (wavelength set to 280 nm), a HITACHI 
Chromaster 5450 RI detector, a HITACHI 
Chromaster 5310 Oven (set at 25 °C) and a 
HITACHI Chromaster 5260 Auto-sampler, using 
an acetonitrile/water 95/5 with 10% 
tetrahydrofuran mixture as eluent in isocratic 
mode at 1 ml/min flow rate. 


2.3 Hydroxyl value determination 

Hydroxyl value has been determined 
accordingly to ASTM D4274 on a METTLER 
TOLEDO T50 automatic titrator. In a typical 
experiment, sample (about 0.5 gram weighed on 
an analytical scale) was dissolved in 10 ml of a 
freshly made acetylating solution (10.5 ml of 
acetic anhydride in 100 ml of pyridine) and 
heated in tightly closed container at 120 °C for 
one hour. The sample is then cooled down to 
room temperature, added with 30 ml of a 2/1 
v/v tetrahydrofuran/distilled water solution 
and titrated using a standardized potassium 
hydroxide 0.5N methanolic solution. A blank is 
measured under the same conditions. 


2.4 Acid value determination 

Acid value has been determined accordingly 
to ASTM D4662 on a METTLER TOLEDO T50 
automatic titrator. In a typical experiment, 
sample (about 1.0 gram weighed on an 
analytical scale) was dissolved in 50 ml of 1/1 
v/v toluene/isopropanol solution and titrated 
using a standardized potassium hydroxide 0.1N 
isopropanol solution. A blank is measured 
under the same conditions. 


2.5 Isocyanate content determination 
Isocyanate content has been determined 

accordingly to ASTM D2572 on a METTLER 

TOLEDO T50 automatic titrator. In a typical 
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experiment, sample (about 1 gram weighed on 
an analytical scale) was dissolved in 25 ml of 
mono-chlorobenzene and 20 ml of methyl ethyl 
ketone (MEK), added of 5 ml of a 2N di- 
isobutylamine solution in mono-chlorobenzene 
and titrated using HC] 1N in methanol. A blank 
is measured under the same conditions. 


2.6 Mechanical properties and chemical 
resistance 

Mechanical properties (tensile strength, 
elongation, tensile modulus) have been 
collected on a SHIMADZU AGS-X 50 kN 
mechanical testing machine accordingly to 
ASTM D638. 


Chemical resistance (expressed as hardener 
variation) has been tested in three different 
aqueous media (distilled water; 10% NaOH 
aqueous solution; 30% H2SO,4 aqueous solution) 
accordingly to ASTM D543. 


2.7 Synthesis of 3-pentadecyl-cyclohexanol 
(1) 

In a Parr reactor, cardanol (300 g; 1 mol) is 
mixed with Ni catalyst (3% w/w with respect to 
substrate). Temperature is then increased to 
160 °C under hydrogen atmosphere (125 psi). 
After 27 hours under these conditions, catalyst 
is removed by filtration over Celite® recovering 
3-pentadecyl-cyclohexanol1, with 85% yield, as 
a white solid (m.p. 49-51 °C). 


2.8 Synthesis of pentadecyl-hexanedioic 
acid isomers (2) 

In a suitable reactor equipped with a reflux 
condenser, inlet for thermocouple, mechanical 
mixing shaft, and inlet for controlled addition of 
reagents is added nitric acid (1080 g; 12.0 mol) 
as 70% solution in water. Then copper (II) 
nitrate (4.8g; 0.02mol) and ammonium 
vanadate (3.51g; 0.03mol) are added and the 
mixture is brought to 50 °C for 30 minutes. With 
intermittent external cooling, 3-pentadecyl- 
cyclohexanol (308 g; 1.0 mol) is added over 2 
hours and exothermicity is controlled below 55 
°C. Then the contents of the reactor are mixed at 
70 °C for 4 to 20 hours until reaction is 
complete. The reaction mixture is split into two 
phases and the lower aqueous phase is 
discharged. With air flush, the remaining 
organic product is mixed at 80-90 °C to destroy 
remaining nitrogen dioxide. Then the organic 
product is washed twice with water before 
being vacuum dehydrated and discharged, 
yielding crude white solid 2- and 3-pentadecy]l- 
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hexanedioic acid 2(m.p. 75 °C). Purity by GC is 
about 90%. Product can be _ optionally 
recrystallized from xylene to yield purified 
product 2- and 3-pentadecyl-hexanedioic acid 
(m.p. 80 °C) with purity by GC > 98%. 


2.9 Synthesis of a polyester diol based on 
pentadecyl-cyclohexane-dioic acid (3) 

Cardanol derivative 3 (as mixture of isomers) 
and 1,4-butanediol (15% excess with respect to 
stoichiometric amount of cardanol-diacid) are 
charged in a suitable reactor equipped with a 
mechanical stirrer, nitrogen inlet, temperature 
control, Vigreux column. The mixture is heated 
up to 165-170 °C and left under stirring (under 
nitrogen flux) for 6 hours. The mixture is then 
stripped under vacuum and dibutyltin(IV) oxide 
catalyst (0.1% w/w with respect to total raw 
materials amount) is then added. The resulting 
system is left under stirring at 180 °C till 
reaching an acid value <10 mg KOH/g (approx. 
additional 22 hours). Final polyester polyol is 
recovered as a dark brown liquid, with a 56 mg 
KOH/g hydroxyl value. 


2.10 Preparation of Prepolymers 

Prepolymers have been prepared starting 
from commercially available diols (polyester, 
polyether) and polyester diol 3according to the 
following procedure: to a weighed amount of 
MDI pre-heated at 50 °C and stirred under 
nitrogen atmosphere, the selected diol is added 
drop wise, keeping mixture temperature around 
65-70 °C. Once the addition is completed, the 
system is stirred under nitrogen atmosphere at 
the same temperature, monitoring prepolymer 
formation by isocyanate content titration. When 
the target NCO content is obtained, the 
prepolymer is then added with 1,4-butanediol 
as chain extender (95% load with respect to 
stoichiometric ratio), poured onto a silicone 
mold and cured at 80 °C for 4 hours under 
pressure (4 Bar). 


3 RESULTS AND DISCUSSION 


The peculiar cardanol structure, with an 
aromatic ring that provides excellent rigidity 
and thermal stability and the long chain at the 
meta position imparting outstanding 
hydrophobicity, over the last decades has 
prompted the development of _— several 
derivatives like amines, epoxies, polyols, 
amides, antioxidants, flavors, foods, lubricants, 
polymers, rubbers [9]. Its availability as a non- 
edible by product of the Cashew nut industry 
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makes it available on large scale as an economic 
potential alternative for some fully petro- 
derived monomers [10]. One of the examples of 
cardanol-derived polymers widely described in 
the literature and used at industrial level is the 
synthesis of homo-polymers (both novolacs and 
resole-types) used as polyols in polyurethane 
chemistry, as intermediate for the synthesis of 
epoxy resins, as phenolic resins or as epoxy 
curing agents [11]. 

The introduction of cardanol in the backbone 
of thermosetting polymers helps to reduce their 
viscosity, increase their hydrolytic stability 
(thanks to its highly hydrophobic structure), 
enhance their flexibility (also at low 
temperatures), as well as contributing to 
thermal and fire resistance given the presence 
of the aromatic portion. At the same time, the 
increasing interest towards more sustainable 
alternatives to fossil-products has prompted the 
industry to look for bio-raw materials like 
cardanol, optimizing their extraction and 
purification process as well as _ their 
functionalization on large scale and at 
competitive costs. 

However, many of the cardanol derivatives 
reported in the literature are based on cardanol 
as mixture of isomers, not constant purity and 
reduced options in terms of functional groups 
and applicability, especially when color and 
purity are key parameters (eg. 1K 
polyurethane; thermoplastics). 

Above cardanol limitations and the increase 
industrial interest and market demand for more 
sustainable and renewable raw materials [12] 
have prompted us to select high purity cardanol 
(>99%) as starting substrate (commercially 
available from Cardolite Corporation as NX- 
2026™) and convert it into fully aliphatic 
structures mimicking substituted adipic acid 
(Figure 2). 


In particular, cardanol 1 has been catalytically 
hydrogenated to  3-pentadecylcyclohexanol 
2[13] and then oxidized under known 
conditions [14] to pentadecyl-cyclohexane-dioic 
acid 3 (as mixture of isomers), whose chemical 
structure has been confirmed by 1tH-NMR 
(Figure 3) and 13C-NMR (Figure 4). 


To assess the applicability of the novel 
cardanol-derived di-acids mixture 3 as a 
potential polymer building block, it has been 
then reacted with 1,4-butanediol under 
standard poly-esterification conditions (Figure 
5) using a metal catalyst (dibutyltin(IV) oxide). 
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The conversion showed a relatively slow 
reaction (almost 28 hours needed to get an acid 
value <10 mg KOH/g), due to the structure of 
cardanol-diacids 3, whose Cis alkyl chain causes 


OH OH 


—_—_> ——_—_> 
C15H27 C15H34 


2-Pentadecyl-hexanedioic acid 
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a significant steric hindrance. At the same time, 
relatively long reaction time at medium-high 
reaction temperatures caused the darkening of 
the product. 


Cr5H31 Cr5H31 


+ 
COOH HOOC eae 


3-Pentadecyl-hexanedioic acid 
3 


Figure 2: reaction scheme to convert cardanol 1 into pentadecyl-cyclohexane-dioic acid 3 
(as mixture of isomers) 
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Figure 3: 1H-NMR spectra of CNSL-derived adipic acid as mixture of isomers 2-pentadecyl- 
hexanedioic acid and 3-pentadecyl-hexanedioic acid? 
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Figure 4: 13C-NMR spectra of CNSL-derived adipic acid as mixture of isomers 2-pentadecyl- 
hexanedioic acid and 3-pentadecyl-hexanedioic acid? 


Without taking into account these potential 
limitations (long reaction time and final product 
dark color) at this stage, but aiming to have a 
better understanding of the potential benefits 
deriving from the use of the novel cardanol- 
diacids, the polyester diol 4 (characterized by a 


viscosity of 8600 cps at room temperature and a 
hydroxyl value of 58 mg KOH/g)has been 
converted into a MDI-prepolymer (Figure 6) 
with an approx. 7% free isocyanate content 
prior to full cure. 
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Figure 5:General reaction scheme for the converison of cardanol-derived diacids 3and 1,4- 
butanediol into pentadecyl-hexanedioic acids based polyesters 4 


OCN ; : NCO 


Liat 
OCN Noor oN NCO 


| chain extender (e.g. amine; glycol;...) 


Cured polyurethane 
Figure 6: General reaction scheme for the the synthesis and cure of MDI-prepolymers. 


In particular, 1,4-butanediol has been chosen 
as standard curing agent and added to the MDI- 
prepolymers under vigorous mixing; the 
resulting blend has then been poured into 
silicone molds to prepare tensile specimens 
with a dog-bone shape. The molds have been 
then immediately placed into an autoclave at a 
pressure of 4 bars and 80 °C, in order to remove 
any residual void (due to mixing of the different 
components) that could potentially cause 
defects in the final specimens, thus affecting 
mechanical data. 


Commercial polyester diols (PPG2000; 
polycaprolactone diol; PolyBD diol; dimer acid 
based polyester diol) have been selected as 
benchmarks and used in the synthesis of similar 
MDI prepolymers, still using 1,4-butanediol as 
chain extender. The resulting cured 
prepolymers have been immersed into different 
aqueous media (distilled water, sodium 
hydroxide 10% aqueous solution; sulfuric acid 
30% aqueous solution), recording their 
hardness variation after three weeks of 
immersion (Figure 7). 


7% free NCO prepolymer: hardness variation 


Hardness varaition (%) 


PPG2000 PolyBD 


Polycaprolactone diol 


(29 om 
Dimer acid-based polyester Ccardanol-diacid/1,4-BDO 
polyester 


ing Diol 


Figure 7: hardness variation of 1,4-butanediol cured MDI-prepolymers based on different 
starting polymeric diols 
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In general, the prepolymer based on polyester 
diol 4 shows improved hydrolytic stability, due 
to peculiar structure of cardanol-diacid 3 
incorporated in its backbone, where the Cis 
alkyl chains protect the ester bonds, minimizing 
their cleavage. 

A similar study has been extended to another 
model compound, being a commercially 
available butyl-adipate polyester _—_ diol 
characterized by similar hydroxyl value as 
cardanol-derived polyester diol 4 (56 mg 
KOH/g). Unlike the cardanol-derived polyester 
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diol 4, this petro-based reference is a waxy 
white solid at room temperature (with a 
viscosity of 1300 cps at 60 °C). 

In this case, the two cured MDI prepolymers 
have been characterized for their mechanical 
properties (tensile strength and elongation) and 
stability (as isocyanate content variation) upon 
accelerated ageing (Table 1). Both prepolymers 
have been exposed to the accelerating ageing 
without any stabilizer (e.g. phosphoric acid; 
benzoyl chloride;...) nor nitrogen blanket (just 
strong them into tightly closed glass vials). 


Table 1: mechanical properties (tensile strength andelongation) and stability of prepolymers based 
on a butyl-adipate polyester diol and cardanol-based polyester diol 4 


Diol (in 7% free NCO MDI- Tensile strength Elongation |NCO %variation after 14 
prepolymer) (MPa) (%) days @ 50°C 
Adipic acid polyester 13,7 318 4,3 
Cardanol-diacid based polyester 4 3,9 78,5 4,4 


The two MDI-prepolymers show comparable 
stability when stored at 50 °C for two weeks, 
but significantly different |= mechanical 
properties, with cardanol-based polyester diol 4 
having lower tensile strength and elongation 
than petro-based_ reference. While the 
comparable prepolymers’ stability can be 
explained considering the same functionality of 
starting polymeric diols (both di-functional, so 
not causing additional crosslinking/gelling 
during storage) and their hydrophobicity (thus 
limiting moisture absorption), cardanol- 


polyester diol 4 doesn’t have a real “linear” 
structure, due to the presence of Cis alkyl 
substituents in its backbone, that lower tensile 
strength and elongation. 

However, when characterized for their 
hydrolytic stability (Figure 8), the two 
prepolymers show a significantly different 
hydrolytic stability, with —butyl-adipate 
exhibiting a higher hardness variation than 
cardanol-polyester diol 4, resulting in a higher 
instability in aqueous solutions. 


7% free NCO prepolymer: Hardness Variation 


@ Hardness variation %, H2O (@ 25 °C), 21dd 
@ Hardness variation %, NaOH 10% (@ 25°C), 21dd 
mw Hardness variation %, H2SO4 30% (@25 °C), 21 dd 


Hardness variation (%) 


0,1 


Adipic acid polyester cardanol-diacid polyester 4 


Figure 8: hardness variation of 1,4-butanediol cured MDI-prepolymers based on a butyl-adipate 
polyester and cardanol-polyester 4 
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The higher hydrolytic stability cardanol- 
polyester diol 4 exhibits can be explained by the 
high hydrophobicity of the cardanol backbone, 
whose C15 alkenyl chain helps to “mask” the 
ester bonds, reducing the surface available to 
solvent exposure (all the different aqueous 
testing media, in this case), thus minimizing 
their tendency to hydrolysis, as it happens with 
the butyl-adipate benchmark. 


All these results confirm the potential 
applicability of the novel cardanol-derived di- 
acid 3 as a promising polymer building block, 
especially in applications where good hydrolytic 
stability is required. 


4 CONCLUSIONS 

Cardanol is one of the most promising bio- 
based materials used in the thermoset industry, 
by its derivatization through the aromatic ring, 
the phenolic OH or the side chain double bonds. 
This Paper describes the applicability of high 
purity cardanol as a valid starting substrate for 
the development of novel fully bio-based 
substituted di-carboxylic acids that can be 
successfully incorporated in the backbone of 
polyester diols. When characterized for their 
performances in MDI-based prepolymers, a 
polyester diol based on cardanol-derived di- 
acid and 1,4-butanediol exhibited average good 
mechanical properties and improved hydrolytic 
stability when compared to commercially 
available benchmarks, thus representing a valid 
tool for the formulation of polyurethane 
systems. Future work will be addressed to 
further exploit the potential advantages of 
cardanol-derived di-acid, in not only in the 
synthesis of additional examples of polyester 
structures, but also in polyamide-type products, 
evaluating its applicability also as partial 
replacement for other di-carboxylic acids, 
assessing its contribution to performances 
(including thermal stability) and _ potential 
benefit on final products’ toxicity and 
environmental impact. 
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